Basidiomycetes have the ability to degrade lignocellulosic biomass, and some basidiomycetes produce alcohol dehydrogenase. These characteristics may be useful in the direct production of ethanol from lignocellulose. Ethanol fermentation by basidiomycetes was investigated to examine the possibility of ethanol production by consolidated bioprocessing (CBP) using Flammulina velutipes. F. velutipes converted D-glucose to ethanol with a high efficiency (a theoretical ethanol recovery rate of 88%), but ethanol production from pentose was not observed. These properties of F. velutipes are similar to those of Saccharomyces cerevisiae, but the basidiomycete converted not only sucrose, but also maltose, cellobiose, cellotriose, and cellotetraose to ethanol, with almost the same efficiency as that for D-glucose. From these results, we concluded that F. velutipes possesses advantageous characteristics for use in CBP.
Plant cell walls are the most abundant biomass source in nature and are of increasing importance because worldwide attention has now focused on bioethanol production to combat global warming and to safeguard global energy. Because of competition between food and fuel production, lignocelluloses are expected to be utilized in future fuel ethanol production. One of the major problems in producing ethanol from lignocellulosic biomass is high production cost. Consolidated bioprocessing (CBP) is gaining recognition as a potential breakthrough for low-cost biomass processing. CBP of lignocellulose to bioethanol refers to the combination of the four biological events required for this conversion process (production of lignocellulose-degrading enzymes, hydrolysis of polysaccharides present in pretreated biomass, and fermentation of hexose and pentose sugars) in one reactor, but no natural microorganism exhibits all the features desired for CBP. 1) Basidiomycetes can achieve complete breakdown of lignin, 2, 3) and are considered primary agents of plant litter decomposition in terrestrial ecosystems. 4) Furthermore, some basidiomycetes produce alcohol dehydrogenase, allowing the production of wine using a mushroom. 5, 6) These properties of basidiomycetes appear suitable for use in CBP. In a preliminary study, we screened some edible mushrooms for their ability to produce ethanol, and found that Flammulina velutipes was a good producer of ethanol. F. velutipes is a whiterot fungus that grows from spring through late autumn on a variety of hardwood tree stubs and dead stems and is widely distributed in temperate to subarctic regions. Currently, it is the most widely produced mushroom in bed cultivation in Japan, the annual production being 130,000 tons/year. Artificial cultivation of mushrooms in polypropylene bottles is popular in Japan. F. velutipes has been characterized as widely adapted strain for various kinds of substance of artificial cultivation media, suggesting that it may be useful in the conversion of a wide variety of biomass types.
In this study, we investigated the properties of ethanol fermentation by F. velutipes to determine its suitability for CBP, because the use of basidiomycetes in bioethanol production is not common, and the ethanol fermentation abilities of basidiomycetes are not well characterized.
Materials and Methods
Basidiomycete, media, and growth conditions. F. velutipes Fv-1 was used in this experiment. Ten F. velutipes strains, cultured stocks of the Forest Institute of the Toyama Prefectural Agricultural, Forestry and Fisheries Research Center were used in screening for cellulase production and ethanol fermentation. The Fv-1 strain was selected for further study because it produced high levels of cellulase and its ethanol fermentation ability was superior to that of the other strains. Stock cultures of the Fv-1 strain were maintained on YMG agar (0.3% yeast extract, 0.3% polypepton, 0.3% malt extract, 1% glucose, 1.5% agar) plates and routinely sub-cultured every month, and the inoculated plates were incubated at 25 C.
Inoculum preparation for fermentation. Mycelia of F. velutipes were produced in a medium containing the following: 1% w/v glucose, 1% w/v peptone, 1% w/v yeast extract, 0.1% w/v KH 2 PO 4 and 0.01% w/v MgSO 4 . 7H 2 O. Each 500-ml Erlenmeyer flask containing 200 ml of medium was inoculated by adding mycelial mat (eight pieces of approximately 1 cm 2 ) from actively growing parts of stock cultures. The cultures were homogenized with a laboratory homogenizer (Polytron; Kinematica, Kriens, Switzerland) at 1,500 rpm after inoculation to obtain a homogeneous mycelia preparation. The inoculated flasks were continuously shaken on an orbital shaker at 120 rpm at 25 C. Mycelia were harvested during the late exponential growth phase by centrifugation at 3;000 Â g and washed with sterile water. The washed mycelia (30 mg dry weight) were then suspended in 10 ml of fermentation medium (0.3% w/v yeast extract, 0.3% w/v peptone, 0.1% w/v KH 2 PO 4 and 0.01% w/v MgSO 4 . 7H 2 O) and respective carbon sources (1% w/v) were added. The cultures were incubated while standing at 25 C. Blanks were prepared in the same manner, except that no carbon source was added.
Measurement of ethanol and carbon source concentration. The ethanol concentration was measured using an enzymatic test kit (F-kit; Roche Diagnostics, Darmstadt, Germany). The concentrations of reducing sugars, hexose, and pentose were measured by the Somogyi-Nelson, the anthrone-sulfuric acid, and the orcin-Fe 3þ -hydrochloric acid method, respectively. [7] [8] [9] The cello-oligosaccharide concentrations were analysed by high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex, Sunnyvale, CA, USA). We used a PA20 column at a flow rate of 0.5 ml/min. The elution program consisted of isocratic elution with water for 11 min, a linear gradient of NaOH from 0-100 mM for 1 min, isocratic elution with 100 mM NaOH for 1 min, a linear gradient of sodium acetate from 0-100 mM in 100 mM NaOH for 1 min, and isocratic elution with 100 mM sodium acetate in 100 mM NaOH for 11 min. Cello-oligosaccharides from cellobiose to cellotetraose and D-glucose were used as standards, and the standard mixture was run to verify response factors before analysis of a given batch of samples.
Determination of -glucosidase activity. -Glucosidase activity was determined using a mixture containing 25 ml of 2 mM p-nitrophenyl (PNP) -D-glucopyranoside, 20 ml of 50mM sodium acetate buffer (pH 5.0), and 5 ml of enzyme solution. The reactions were carried out at 37 C for 30 min and terminated by the addition of 50 ml of 0.2 M Na 2 CO 3 . The amount of PNP released was detected at 400 nm ("400 ¼ 17:1 mM À1 cm À1 ). One unit of enzyme activity was defined as the amount of enzyme that released 1 mmol of PNP per min.
Results

Glucose conversion to ethanol Fermentation of D-glucose was done by F. velutipes
Fv-1. Figure 1a shows a conversion of 1% w/v of D-glucose to ethanol by F. velutipes. The consumption of D-glucose started gradually after incubation, and it was depleted after 6 d. Ethanol production correlated with sugar consumption, and it reached a maximum after 6 d. Thereafter, the amount of ethanol decreased gradually. Finally, F. velutipes converted 10 g/l of D-glucose to 4.5 g/l of ethanol, equivalent to a theoretical ethanol recovery rate of 88%. In the case of ethanol production from 5% w/v D-glucose, ethanol production reached a maximum, and all of the D-glucose was consumed after 18 d of incubation ( Fig. 1b ), and 50 g/l of D-glucose was converted to 22.4 g/l of ethanol, equivalent to a theoretical ethanol recovery rate of 87%. The conversion rate was the same as the case of 1% w/v of D-glucose. Because the incubation time to ferment 1% w/v sugar is shorter than the case of 5% w/v, we employed 1% w/v of sugar concentration in subsequent experiments.
Conversion of various monosaccharides to ethanol
Determination of the fermentation specificity of sugars by F. velutipes Fv-1 was done using various monosaccharides. As shown in Fig. 2 , both D-mannose and D-fructose were converted to ethanol by F. velutipes. Consumption of D-mannose occurred slightly faster than that of D-glucose; it started immediately after incubation and was completely depleted after 5 d. Ethanol production from D-mannose was similar to that from D-glucose. It started during the first day of incubation and reached a maximum after 6 d. Furthermore, 4.4 g/l of ethanol was produced from 10 g/l of D-mannose, equivalent to a theoretical ethanol recovery rate of 86% ( Fig. 2a ). In contrast, consumption of D-fructose was slower than that of D-mannose. It started a b slowly after incubation and took 7 d to completely consume the D-fructose. Production of ethanol correlated with sugar consumption, and maximum conversion of D-fructose to ethanol was observed after 6 d. Upon completion of incubation, 4.0 g/l of ethanol was obtained from 10 g/l of D-fructose (Fig. 2b) , yielding a theoretical conversion rate of 77%. In contrast to these sugars, F. velutipes did not convert L-arabinose, D-xylose, or D-galactose to ethanol ( Fig. 2c, d, e ).
Although there was slight consumption of D-xylose and D-galactose during incubation, ethanol production was not observed. In the case of L-arabinose, little sugar consumption was observed.
Effect of non-fermented sugars on ethanol production from D-glucose
Since no conversion of L-arabinose, D-xylose, and D-galactose to ethanol was observed, we investigated whether these sugars would affect ethanol production from D-glucose. As shown in Fig. 3 , ethanol production was observed in the presence of these monosaccharides, and the consumption of D-glucose was similar to that in the absence of these monosaccharides. In the presence of L-arabinose, 4.5 g/l of ethanol was produced from 10 g/l of D-glucose, equal to the amount of ethanol produced from D-glucose in the absence of L-arabinose (Fig. 3a) . In contrast, 4.9 and 5.0 g/l of ethanol was produced in the presence of D-xylose and D-galactose respectively. Furthermore, consumption of D-xylose and D-galactose was 1.7-and 1.3-fold respectively, greater in the presence of D-glucose than in the absence of D-glucose ( Fig. 3b and c) .
Conversion of disaccharides to ethanol
Next, we examined the fermentation specificity of F. velutipes Fv-1 toward various disaccharides. As shown in Fig. 4 , F. velutipes possibly converted these sugars to ethanol and produced high yields. The theoretical conversion rates of these sugars were 83% and 77% from sucrose and maltose respectively. Degradation of sucrose was observed immediately after the incubation to import the sugar. The amount of reducing sugars was maximum on day 3 and was completely consumed after 7 d of incubation. Ethanol production was observed 1 d after incubation, and the amount of ethanol reached a maximum after 6 d. Finally, 4.5 g/l of ethanol was produced from 10 g/l of sucrose (Fig. 4a ). In the case of maltose, degradation was observed on the first day of incubation, and the amount of reducing sugars reached a maximum after 2 d. Furthermore, the reducing sugars were completely depleted after 7 d of incubation. Ethanol production started during the first day of incubation and reached a maximum after 7 d. At the end of incubation, 10 g/l of maltose was converted to 3.8 g/l of ethanol (Fig. 4b) .
No conversion of xylobiose to ethanol was detected (data not shown), but a significant amount of ethanol production was observed when cellobiose was used as the carbon source (Fig. 5a ). Cellobiose began degrading during the first day of incubation, and both D-glucose and cellobiose were completely depleted after 8 d.
-Glucosidase activity increased gradually during incubation. Ethanol production started after 1 d of incubation, and the amount of ethanol reached a maximum after 8 d. Upon completion of incubation, 10 g/l of cellobiose was converted to 4.5 g/l of ethanol (Fig. 5a ). The theoretical conversion rate was 83%, a value similar to that of glucose and significantly higher than that of maltose. A high yield of ethanol was observed also in the higher concentration of cellobiose (Fig. 5d ). Finally, 25 g/l of ethanol was produced from 50 g/l of D-glucose, and the theoretical conversion rate was 91%. 
Conversion of cello-oligosaccharides
Since cellobiose was converted to ethanol at a relatively high rate, the conversions of cello-oligosaccharides to ethanol by F. velutipes were also investigated. Figure 5b and c show the results of the conversion of cellotriose and cellotetraose to ethanol. Both cello-oligosaccharides were effectively converted to ethanol by F. velutipes. During incubation, cellotriose was initially hydrolyzed to D-glucose and cellobiose, and almost 80% of the initial amount of cellotriose was hydrolyzed by 2 d. Cellotriose was not detected after 5 d of incubation, and D-glucose and cellobiose were completely depleted after 7 d. -Glucosidase was slightly induced by 6 d, and the activity gradually increased after 6 d. The amount of ethanol increased during incubation and reached a maximum after 7 d of incubation. F. velutipes produced 4.2 g/l of ethanol from 10 g/l of cellotriose, equivalent to a theoretical conversion rate of 76% (Fig. 5b) . In the case of cellotetraose, it was initially hydrolyzed to cellotriose, cellobiose, and D-glucose, and more than 90% of the cellotetraose was hydrolyzed by 2 d. Cellotetraose was not detected after 3 d of incubation, and cellotriose, cellobiose, and D-glucose were completely depleted after 4, 6 and 7 d respectively. -Glucosidase activity increased rapidly over 2 d then decreased gradually from 2 d to 5 d, and stabilized at an activity level of about 30 mU/ml. The amount of ethanol increased after incubation, and 4.4 g/l of ethanol was produced from 10 g/l of cellotetraose after 7 d of incubation (Fig. 5c ). The ethanol recovery for the theoretical conversion value was 78%.
Discussion
To date, many microorganisms, including Saccharomyces cerevisiae, Zymmonas mobilis, Pichia stipitis, Rhizopus oryzae, and Clostridium thermocellum, have been reported to produce ethanol. [10] [11] [12] [13] [14] In general, S. cerevisiae is the most widely used microorganism in the industry and is popular in bioethanol production, because it has high efficiency of ethanol production and high ethanol tolerance. However, we focused on basidiomycetes to develop CBP because these microorganisms have both lignocellulose degradation and ethanol fermentation abilities.
Here, we characterized properties of ethanol fermentation by F. velutipes Fv-1. The strain converted Dglucose to ethanol at a theoretical conversion rate of 88%, comparable to those of S. cerevisiae and Zymomonas. 15) On the other hand, F. velutipes scarcely converted pentose and D-galactose to ethanol (Fig. 2) . These properties of F. velutipes are similar to those of S. cerevisiae. 16) When D-glucose was fermented with D-xylose or D-galactose by F. velutipes, uptake of D-xylose and D-galactose improved, resulting in an increase in ethanol production ( Fig. 3) . These features are expected to be advantageous in CBP because the cell wall containing hemicellulose and cellulose is the target in CBP. Moreover, F. velutipes demonstrated the preferable features for CBP when oligosaccharides were used as starting materials (Figs. 4, 5) . The tested oligosaccharides were converted to ethanol at almost the same rate as that of D-glucose, and -glucosidase activity increased during fermentation. These features are indispensable in CBP, which requires saccharifica- tion and fermentation of cellulose contained in the cell wall. It has been reported that C. thermocellum and P. stipitis can ferment cellobiose. 11) Furthermore, C. thermocellum can also convert cellulose to ethanol directly. 13, 14, 17) However, this species cannot be used at the scene of ethanol production because fermentation of C. thermocellum is strongly inhibited at relatively low ethanol concentrations (5 g/l). 18) In contrast, it has been reported that basidiomycetes have tolerance of up to 120 g/l of ethanol, 6) and therefore basidiomycetes are more suitable for CBP than Clostridium strains.
Contrary to the above merits, F. velutipes did not effectively convert pentoses or D-galactose to ethanol under our experimental conditions. The fermentation of pentoses is a long-standing problem in the bioethanol production field because they are not converted by S. cerevisiae, although various approaches have been taken. 19) In yeasts and most fungi, D-xylose metabolism is carried out by two oxidoreductases, xylose reductase (XR) and xylitol dehydrogenase (XDH). XR is NADPH cofactor specific, whereas XDH is NAD þ cofactor specific. This difference in the cofactor preference of XR and XDH leads to an accumulation of xylitol under anaerobic conditions. In F. velutipes, xylitol might be produced, reducing the final ethanol yield. P. stipitis can ferment D-xylose to ethanol under anaerobic conditions because it possesses both NADH and NADPH cofactor specific XR, 20) but it is assumed that the use of P. stipitis in bioethanol production is not practical because its ethanol resistance is low. With regard to D-galactose, S. cerevisiae does not convert this monosaccharide into ethanol because the flux through the galactose utilization pathway is significantly lower than the rate of D-glucose utilization, and D-galactose utilization is repressed by D-glucose repression. 21) However, it has been reported that D-galactose utilization by S. cerevisiae may be improved by deregulating D-glucose repression and by metabolic engineering. 22, 23) D-galactose utilization by F. velutipes might be limited in a manner similar to that in S. cerevisiae. 24) Until now, various approaches for improving bioethanol production from pentoses and D-galactose by S. cerevisiae have been reported, and it may be possible to solve the above problems in F. velutipes.
In conclusion, we characterized the fermentation properties of F. velutipes and demonstrated that basidiomycetes have advantageous properties for use in CBP. Bioethanol production from some biomass by CBP using F. velutipes will be performed in the near future.
